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Objective: Dilation of pulmonary autograft after the Ross procedure is
being recognized with increasing frequency. This study was undertaken
to examine the extent of this problem and factors that may be associat-
ed with it. Methods: The clinical, operative, and echocardiographic data
of 118 patients who underwent the Ross procedure were reviewed. The
mean age of 79 men and 39 women was 34 ± 9 years, range 17 to 57
years. Bicuspid or other congenital aortic valve disease was present in
81% of patients. The pulmonary autograft was sutured as a valve in the
subcoronary position in 2 patients, as a root inside of the aortic root in
45, and was used for complete aortic root replacement in 71. Teflon felt
was not used to buttress the proximal or the distal anastomosis of the
pulmonary autograft. The diameters of the sinuses of Valsalva, aortic
anulus, and sinotubular junction were measured early and late after the
operation with echocardiography. The mean follow-up was 44 months.
Results: The diameter of the sinuses of Valsalva increased from 31.4 ± 0.4
mm to 33.7 ± 0.5 mm (P = .01). Analysis of covariance revealed a signif-
icant change over time in this diameter, as well as a difference between
operative techniques, with replacement of the aortic root being associat-
ed with a higher risk of dilation (P = .0006). In 13 patients the diameter
ranged from 40 to 51 mm. The diameter of the aortic anulus decreased
in most patients and increased in 15, but there was no interaction
between these changes and the operative technique. The diameter of the
sinotubular junction increased in patients who had aortic root replace-
ment and decreased in patients who had aortic root inclusion (P = .007).
Moderate aortic insufficiency developed in 7 patients, and 3 required
replacement of the pulmonary autograft. All patients with moderate
aortic insufficiency had dilation of the aortic anulus and/or sinotubular
junction. Conclusions: Dilation of the pulmonary autograft after the Ross
procedure may occur because of an intrinsic abnormality of the pul-
monary root in patients with congenital aortic valve disease. The tech-
nique of aortic root replacement is associated with a higher risk of dila-
tion of the sinuses of Valsalva and sinotubular junction than the
technique of aortic root inclusion. (J Thorac Cardiovasc Surg 2000;
119:210-20)
Tirone E. David, MD
Ahmad Omran, MD
Joan Ivanov, MSc
Susan Armstrong, MSc
Mauro P. L. de Sa, MD
Brian Sonnenberg, MD
Gary Webb, MD
From the Divisions of Cardiovascular Surgery and Cardiology of
Toronto General Hospital and University of Toronto, Toronto,
Ontario, Canada.
Read at the Seventy-ninth Annual Meeting of The American Associ-
ation for Thoracic Surgery, New Orleans, La, April 18-21, 1999.
Received for publication April 20, 1999; revisions requested June 29,
1999; revisions received Sept 16, 1999; accepted for publication
Oct 5, 1999.
SURGERY FOR ACQUIRED
CARDIOVASCULAR DISEASE
DILATION OF THE PULMONARY AUTOGRAFT AFTER THE ROSS PROCEDURE
Address for reprints: Tirone E. David, MD, 200 Elizabeth St—
13EN219, Toronto, Ontario, Canada M5G 2C4 (E-mail:
tdavid@torhosp.toronto.on.ca).
Copyright © 2000 by Mosby, Inc.
0022-5223/2000 $12.00 + 0 12/6/103468
The Journal of Thoracic and
Cardiovascular Surgery
Volume 119, Number 2
David et al 211
A ortic valve replacement with a pulmonary autograftwas originally performed by implanting the pul-
monary valve inside the aortic root in the subcoronary
position.1,2 The pulmonary autograft also has been
implanted inside the aortic root as an entire root (the
so-called root inclusion technique) or as a complete
aortic root replacement. The latter technique has
become the preferred method of performing the Ross
procedure because it appears to be associated with the
lowest risk of aortic insufficiency (AI) and pulmonary
autograft failure.3-6 Although the pulmonary root may
have an inherent ability to adapt itself to the mechani-
cal stress of the aortic root in most patients, pulmonary
autografts have failed because of technical errors, pro-
lapsed cusps, and dilation of the root.7,8 Dilation of the
sinuses of Valsalva of a semilunar valve does not cause
valve insufficiency.9 Dilation of the sinotubular junc-
tion and/or aortic anulus pulls the cusps apart and caus-
es valve insufficiency.8-10
A referral of an outside patient in whom a pulmonary
autograft aneurysm and severe AI developed after the
Ross procedure prompted us to review our experience
to determine the magnitude of this problem and the fac-
tors that may play a role in dilation of the pulmonary
autograft. 
Patients and methods
From 1990 to 1997, 118 patients with a mean age of 34 ±
9 years, range 17 to 57 years, underwent the Ross procedure
at Toronto General Hospital. Table I shows the clinical profile
of these patients. 
Operations were performed with normothermic cardiopul-
monary bypass and antegrade cold blood cardioplegia for
myocardial protection. The diameters of the aortic anulus and
sinotubular junction were measured with metric sizers after
excision of the diseased aortic valve in all but the first 4
patients. The sinotubular junction of the pulmonary autograft
was also measured, and the diameter of the pulmonary anulus
was estimated to be 10% larger than the diameter of the sino-
tubular junction.11,12 If the diameter of the aortic anulus was
more than 2 mm larger than the diameter of the pulmonary
anulus, the aortic anulus was surgically reduced before the
pulmonary autograft was sutured in the left ventricular out-
flow tract.12 Similarly, if the aortic sinotubular junction was
larger than the pulmonary sinotubular junction by more than
2 mm, the aortic sinotubular junction and ascending aorta
were plicated before the autograft was sutured within the aor-
tic root or to the ascending aorta.12 The diameters of the aor-
tic anulus and sinotubular junction were recorded in all but
the first 4 patients in this series. 
The pulmonary autograft was implanted inside the aortic
root in the subcoronary position in 2 patients. The root inclu-
sion technique was used in 45 and root replacement in 71. A
strip of Teflon felt was not used in the annular or distal anas-
tomoses of the pulmonary autograft with the aortic anulus or
the ascending aorta. 
The right ventricular outflow tract was reconstructed with
a pulmonary valve homograft in all but the first patient of this
series, who had an aortic valve homograft. Table II summa-
rizes the operative data.
All patients have been examined by the referring cardiolo-
gist annually and had an echocardiogram at their institution.
No patient has been lost to follow-up, which extended from
12 to 96 months (mean 44 months). 
All operations were performed with transesophageal
Doppler echocardiography. All patients had a transthoracic
echocardiogram 1 week after the operation, and 82 patients
had an echocardiogram at our hospital during the last follow-
up visit for the purpose of this study. The diameters of the
aortic anulus, sinotubular junction, and sinuses of Valsalva
were measured. Echocardiographic examinations from other
institutions were also reviewed but only used for measure-
ment of the diameter of the sinuses of Valsalva.
It is not possible to accurately measure the diameters of the
aortic anulus and sinotubular junction with echocardiography
soon after the Ross procedure because of edema, hematoma,
and other factors related to the trauma of the operation. An
experienced sonographer measured both the internal and
Table I. Clinical data on 118 patients who underwent
the Ross procedure 
No. %
Sex
Male 69 67
Female 39 33
Heart rhythm: sinus 118 100
New York Heart Association functional class 
I 18 15
II 76 64
III 16 14
IV 8 7
Left ventricular ejection fraction
≥60% 64 54
40%-59% 42 36
21%-39% 12 10
≤20% 0
Previous aortic valve surgery
Repair 13 11
Replacement 9 8
Aortic valve lesion
Stenosis 67 57
Insufficiency 43 36
Mixed 8 7
Aortic valve pathology
Bicuspid 84 71
Other congenital 12 10
Rheumatic 3 2.5
Tricuspid calcific 1 0.8
Tricuspid incompetent, nonrheumatic 9 7.6
Prosthetic valve 9 7.6
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external diameters of the aortic anulus and of the sinotubular
junction. These diameters were compared with those
obtained by direct measurement during the operation. The
external diameters were larger and the internal diameters
were smaller than those obtained during the operation. The
mean values between the internal and external diameters
were 1 to 3 mm smaller than those obtained during the oper-
ation. For this reason, the mean values were used as early
diameters of the aortic anulus and sinotubular junction. Only
the internal diameters were measured in the late echocardio-
graphic studies.
Statistical analysis. Data were managed in dBASEIV data
sets and analyzed with the SAS for PC statistical program
(SAS Language Guide for Personal Computers, SAS Institute
Inc, Cary, NC, 1988).
Data are presented as means ± standard errors in text and
figures and as mean ± standard deviation in tables. The early
and late diameters of the pulmonary autograft were evaluated
by two methods. Analysis of covariance was used to evaluate
the main effects of operative technique (aortic root inclusion
vs aortic root replacement), time, and the interaction of tech-
nique versus time. PROC MIXED was also used as corrobo-
rating longitudinal analysis. Statistical significance was set at
α = .05.
Time-related events such as late survival, reoperations, and
development of AI were calculated by the Kaplan-Meier
method. 
Results
Dilation of the pulmonary autograft
Sinuses of Valsalva. A total of 111 patients had early
and late measurements of the diameter of the sinuses of
Valsalva. The diameter of the sinuses of Valsalva
exceeded the normal limit of 39 mm in 13 patients, in
whom it ranged from 40 to 51 mm. All these 13
patients had bicuspid aortic valve, and the Ross proce-
dure had been performed by the technique of aortic
root replacement.
The diameter of the sinuses of Valsalva increased
from 31.4 ± 0.4 mm to 33.7 ± 0.5 mm (P = .01), as
illustrated in the upper panel of Fig 1. Analysis of
covariance showed a significant change over time in
the diameter of the sinus of Valsalva, as well as a sig-
nificant difference between operative techniques, with
replacement associated with a higher risk of dilation as
shown in the lower panel of Fig 1. The diameter of the
sinuses of Valsalva increased from 32.2 ± 0.5 mm to
35.0 ± 0.6 mm in patients who had the technique of
aortic root replacement and from 30.2 ± 0.5 mm to 31.5
± 0.8 mm in those who had the technique of aortic root
inclusion. Table III shows the results of the mixed lin-
ear model.
Aortic anulus. Eighty-two patients had early and late
measurements of the diameter of the aortic anulus. The
diameter of the aortic anulus decreased in 67 patients
and increased in 15.
The diameter of the aortic anulus decreased from
26.2 ± 0.3 mm to 23.6 ± 0.4 mm (P < .01). The upper
panel of Fig 2 shows the changes in diameter of the
aortic anulus in all patients, and the lower panel shows
the changes in patients who had the Ross procedure
(done by two different operative techniques). There
was no significant time or operative difference in the
change in the aortic anulus diameter by PROC MIXED
(Table IV), but there was a significant time effect by
analysis of covariance (P = .004, lower panel of Fig 2).
Sinotubular junction. Eighty-two patients had early
and late measurements of the diameter of the sinotubular
junction. The sinotubular junction of the pulmonary
autograft could not be identified echocardiographically
Table II. Operative data on 118 patients who under-
went the Ross procedure
No. %
Operative technique
Subcoronary implantation 2 1.7
Root inclusion 45 38
Root replacement 71 60
Surgically measured diameters before reduction 
(mm)
Aortic anulus 
Mean 27 ± 4
Range 17-36
Aortic sinotubular junction
Mean 27 ± 4
Range 16-40
Pulmonary anulus*
Mean 24 ± 2
Range 19-27
Pulmonary sinotubular junction
Mean 21 ± 2
Range 17-24
Reduction of aortic anulus or sinotubular junction
None 46 39
Reduction of aortic anulus 41 35
Sinotubular junction 9 8
Both 22 18
Additional procedures
Replacement of ascending aorta 5 4.2
Resection of subaortic membrane + myectomy 3 2.5
Mitral valve repair 3 2.5
Septal myectomy† 1 0.8
Coronary artery bypass† 3 2.5
Pulmonary valve replacement
Aortic valve homograft 1 0.8
Pulmonary valve homograft 117 99
Aortic crossclamp time (min) 124 ± 15
Cardiopulmonary bypass time (min) 143 ± 25
*Estimated to be 10% larger than the diameter of the sinotubular junction.
†Unplanned additional procedures.
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on the late studies in 10 (12.3%) patients because its
diameter had become identical to or exceeded that of the
sinuses of Valsalva. The typical shape of a semilunar root
was lost in those patients. All these patients had bicuspid
aortic valve and had had aortic root replacement.
The upper panel of Fig 3 shows the diameters of the
sinotubular junction of all 82 patients studied. It mea-
sured 29.1 ± 0.3 mm early and 29.1 ± 0.6 mm in the
late postoperative period. The lower panel of Fig 3
shows the diameters of the sinotubular junction in
patients who had the technique of aortic root replace-
ment (29.5 ± 0.4 mm early and 30.6 ± 0.8 mm late) and
the technique of aortic root inclusion (28.7 ± 0.5 mm
early and 26.7 ± 0.8 mm late). There was a significant
interaction between time and operative technique for
the change in the diameters of the sinotubular junction
(Table V and lower panel of Fig 3). The technique of
aortic root replacement was associated with increased
dilation over time.
Clinical outcomes
Early and late mortality. One operative death
occurred due to myocardial infarction and one late
death due to a mountain climbing accident. The actuar-
ial survival including the operative death was 97% ±
1% at 6 years.
Fig 1. Upper panel: The diameter of the sinuses of Valsalva (SV) increased with time (P = .01). Lower panel:
Analysis of covariance (ANOCOVA) showed that the increase in the diameter of the sinuses of Valsalva was sig-
nificantly greater in patients who had aortic root replacement (dotted line) than in those who had aortic root inclu-
sion (solid line). 
Table III. Analysis of variance for changes in diameter
of the sinuses of Valsalva 
Regression 
Effect coefficient 95% CI P value
Intercept 30.1 28.9, 31.3 .0001
Replacement 2.00 0.45, 3.55 .012
Months 0.048 0.01, 0.09 .016
Months · replacement 0.029 –0.02, 0.08 .25
Months = The number of months for which a predicted diameter is being cal-
culated; replacement = 0 for the inclusion technique and 1 for the replacement
technique; CI = confidence interval. The diameters of the pulmonary autograft
can be calculated for any postoperative time interval from the data in Tables
III to V from the formula:
Diameter (mm) = βo + β(Replacement) + β(Months) + β(Replacement ×
months):
where βo = the intercept, β(Replacement) = the regression coefficient for
replacement, β(Months) = the regression coefficient for months (to be multi-
plied by the number of months), and β(Replacement × months) = the interac-
tion regression coefficient (to be multiplied by “replacement” [0/1] × the num-
ber of months).
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Reoperations on the pulmonary autograft. Four
patients have required reoperation on the pulmonary
autograft. In the first patient, moderate AI developed as
a result of acute dilation of the entire pulmonary auto-
graft 2 weeks after aortic root replacement. He under-
went re-replacement of the aortic root with an aortic
homograft. 
In the second patient, who had had aortic root
replacement, a false aneurysm developed between the
mitral valve and the pulmonary autograft without AI.
This was diagnosed on a routine echocardiographic
examination. The false aneurysm was successfully
repaired with preservation of the pulmonary autograft.
A third patient had partial detachment of the proxi-
mal suture line of the pulmonary autograft and moder-
ate AI, which were detected on a routine echocardio-
graphic study 3 years after the operation. The technique
of aortic root inclusion had been used. Dilation of the
aortic anulus was thought to be the cause of this com-
plication. This patient had aortic valve replacement
with a mechanical valve.
A fourth patient needed mitral valve repair for mitral
regurgitation resulting from advanced myxomatous
disease of both leaflets 5 years after aortic root replace-
ment with a pulmonary autograft. The mitral valve
repair failed and since he had moderate AI and a dilat-
ed pulmonary autograft at 45 mm, both the mitral and
the aortic valves were replaced.
These 4 patients survived reoperation. The freedom
from reoperation on the pulmonary autograft was 91%
± 5% at 6 years.
AI. Transthoracic Doppler echocardiography in 117
patients before hospital discharge revealed no AI in 24
Fig 2. Upper panel: The diameter of the pulmonary autograft anulus (AA) decreased with time. Lower panel: The
operative technique had no effect on changes in the diameter of the aortic anulus.
Table IV. Analysis of variance for changes in diame-
ter of the aortic anulus 
Regression 
Effect coefficient 95% CI P value
Intercept 25.2 24.2, 26.6 .0001
Replacement 0.072 —1.40, 1.54 .9
Months —0.024 —0.07,0.02 .25
Months · replacement —0.007 —0.06, 0.05 .25
For legend, see Table III.
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patients, trivial AI in 81, mild AI in 11, and moderate in
1. At the most recent study in 116 patients, including
those echocardiograms done before reoperations on the
pulmonary autograft, there was no AI in 18 patients,
trivial in 59, mild AI in 32, and moderate in 7. Three of
the 7 patients with moderate AI have undergone
replacement of the pulmonary autograft (described
earlier).
All patients with moderate AI had dilation of the aor-
tic anulus and/or sinotubular junction. We could not
establish a relation between the degree of dilation and
the development of AI.
The freedom from moderate AI including patients
who had reoperations was 92% ± 3% at 6 years.
Functional status. At the latest follow-up visit, 113
patients were alive with their pulmonary autograft in
place. Of those, 110 had no cardiac symptoms and were
in New York Heart Association functional class I, and 3
patients were in functional class II.
Discussion
Aortic valve replacement with a pulmonary autograft
is a complex operation that provides excellent func-
tional results in most patients, but it can also cause seri-
ous complications in some. As the experience with this
operation increases, its merits and limitations become
more evident.
Our study indicates that the pulmonary autograft
Fig 3. Upper panel: The diameter of the sinotubular junction (STJ) did not change with time. Lower panel:
Analysis of covariance (ANOCOVA) showed that the diameter of the sinotubular junction increased in patients who
had aortic root replacement (dotted line), whereas it decreased in those who had aortic root inclusion (solid line).
Table V. Analysis of variance for changes in the
diameter of the sinotubular junction
Regression 
Effect coefficient 95% CI P value
Intercept 28.1 26.9, 29.3 .0001
Replacement 0.912 —0.64, .47 .25
Months —0.018 —0.06, .03 .4
Months · replacement 0.073 0.02, .13 .011
For legend, see Table III. 
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dilates in certain patients with bicuspid and other con-
genital aortic valve anomalies. We found that the tech-
nique of aortic root replacement was associated with a
higher risk of dilation of the sinuses of Valsalva and
sinotubular junction than the technique of aortic root
inclusion. As expected, the operative technique had no
effect on annular dilation. Unfortunately, our patients
had only one early and one late measurement of the
pulmonary autograft and it was not possible to deter-
mine other predictors of dilation. For the same reason,
Figs 1 through 3 showed linear changes in the diame-
ters of the pulmonary autograft, which in fact may be
nonlinear.
Hokken and associates13 measured the diameters of
the pulmonary autograft with echocardiography at var-
ious time intervals after the Ross procedure and found
a significant increase in the diameters of the aortic anu-
lus and sinuses of Valsalva. In most cases, dilation
occurred during the first 10 postoperative days. During
a mean follow-up of 2.3 years, the aortic anulus
increased from 26.4 mm to 31.5 mm in 22 patients, and
the diameter of the sinuses of Valsalva increased from
36.5 mm to 43.9 mm in 17 patients.13 Although those
investigators claimed that no patient had severe AI
develop (they did not address the issue of dilation of
the sinotubular junction) and none required a reopera-
tion, some of their patients had a pulmonary autograft
with a transverse diameter of 55 mm. By most sur-
geons’ criterion, an aortic root of 55 mm is an
aneurysm that warrants surgical repair.10
Dilation of the pulmonary autograft is probably the
most common cause of failure of the Ross proce-
dure.8,14,15 Moritz and associates14 reduced the diame-
ter of the aortic anulus and wrapped the pulmonary
autograft with an absorbable mesh in a few patients as
an attempt to prevent postoperative AI. Pacifico and
colleagues 15 described an operative technique where-
by the entire pulmonary autograft was wrapped with
glutaraldehyde-fixed bovine pericardium to prevent
dilation. Elkins, Lane, and McCue8 reported a freedom
from reoperation on the pulmonary autograft of 92% ±
3% at 5 years. Eleven of 206 patients who had the Ross
procedure required reoperation on the pulmonary auto-
graft from 2 to 62 months after the operation.8 Those
investigators believed that annular dilation was the
principal cause of AI in 6 of their patients.
We initially believed that dilation of the pulmonary
autograft occurred because of mismatch between the
diameters of the anulus and sinotubular junction of the
aortic root and those of the pulmonary root.12 This hap-
pened early on in our experience with the Ross proce-
dure when a fairly acute dilation of the pulmonary
autograft and AI developed in a patient.12 We solved
the problem of early dilation of the annular and sino-
tubular junction and AI by surgically reducing the
diameters of the aortic anulus and ascending aorta to
that of the pulmonary root.12 However, continued fol-
low-up of our patients revealed that these surgical
maneuvers did not prevent late dilation of the pul-
monary autograft in certain patients with bicuspid and
other congenital aortic valve disease.
It has been demonstrated that dilation of the sinuses
of Valsalva without concomitant dilation of the sino-
tubular junction does not cause AI.9,10 That is why
patients with isolated sinus of Valsalva aneurysm do
not have AI. Dilation of the sinotubular junction caus-
es AI because it pulls the commissures of the aortic
valve away from the center of the aortic root, prevent-
ing coaptation of the cusps.9,10 Dilation of the aortic
anulus can also cause AI because it flattens the scal-
loped shape of the aortic anulus, preventing coaptation
of the cusps.10
The diameters of the sinotubular junction and of the
aortic anulus are related to the size of the aortic valve
cusps.10,11 The components of the pulmonary root have
the same geometric relationships as the aortic root.10-12
Thus the diameter of the sinotubular junction and the
diameter of the pulmonary anulus are related to the size
of the pulmonary cusps. Although it is difficult to mea-
sure the diameter of the pulmonary anulus because it is
attached to distensible right ventricular muscle, the
diameter of the sinotubular junction can be easily mea-
sured with metric sizers. The geometric relationship
between these two components in a semilunar valve
indicates that the diameter of the anulus is approxi-
mately 10% to 20% larger than the diameter of the
sinotubular junction.10,12 The diameter of the aortic
root should also be measured during the performance
of the Ross procedure. We firmly believe that mismatch
between the diameters of the aortic root and of the pul-
monary root causes AI.12 For this reason, the aortic
anulus should be reduced to the diameter of the pul-
monary anulus if it is larger, and the same principle
applies to the sinotubular junction.
We have not used a Teflon strip to buttress the prox-
imal or distal anastomoses of the pulmonary autograft.
However, our data suggest that it may be safer to do so
to prevent dilation of the aortic anulus, as well as of the
sinotubular junction. This maneuver would prevent
dilation of the aortic anulus and sinotubular junction
but would not prevent dilation of the sinuses of
Valsalva when the Ross procedure is performed by the
technique of aortic root replacement. We showed that
the technique of aortic root inclusion prevents or at
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least retards dilation of the sinuses of Valsalva and
sinotubular junction. This operative technique is more
complex than the one of aortic root replacement
because the autograft has to be perfectly aligned with-
in the aortic root to prevent AI. In addition, fixation of
the aortic anulus with a strip of Teflon is not advisable
because it alters the geometry of the anulus of the pul-
monary valve when the inclusion technique is used.
The aortic anulus can be fixed with a strip of Dacron
fabric applied on the outside of its fibrous compo-
nent.12 These are probably the reasons why Elkins and
associates5 found the technique of aortic root inclusion
to be associated with a higher risk of AI than the tech-
nique of aortic root replacement, which they recom-
mended. Presently, most surgeons prefer the technique
of aortic root replacement when performing the Ross
procedure.6
Bicuspid aortic valve is the most common cause of
aortic valve disease in children and young adults in
North America.16-19 Young patients with bicuspid aortic
valve frequently have a dilated aortic root because of
premature degenerative disease of the aortic root and
ascending aorta.16,20 Erdheim’s cystic medial necrosis
has been described in the arterial wall of the ascending
aorta and pulmonary artery in these patients.19,20 We
found that degenerative changes in the media of the
pulmonary artery are common in normal subjects, but
they are more severe in patients with bicuspid aortic
valve disease than in those with normal or diseased tri-
cuspid aortic valve.20 The pulmonary root may have
inadequate elastic fibers and fibrillin in its media to
adapt itself to the mechanical stress of the aortic root.
For these reasons, it may be more appropriate to use
subcoronary implantation to perform the Ross proce-
dure when the pulmonary and the aortic roots have sim-
ilar geometry and the aortic root inclusion technique in
patients in whom the aortic root is larger than the pul-
monary root. In these patients, a band of Dacron fabric
should probably be used on the outside of the aortic
anulus and the sinotubular junction to prevent late dila-
tion. Fixation of these structures with Dacron fabric
may be inappropriate in children.
Limitations of the study
Although we have no doubt that dilation and even
aneurysm formation of the pulmonary autograft is a
potential complication of the Ross procedure, our study
contains several shortcomings. It is difficult to accu-
rately measure the diameter of the aortic anulus and of
the sinotubular junction soon after the Ross procedure
with echocardiography. We chose to use the average
values of the internal and external diameters in the
early studies as the most unbiased estimates because
they were only slightly smaller than those values
obtained by direct measurement at the time of opera-
tion. Another major shortcoming of this study is that
we had only two echocardiographic studies per patient,
one early and one late. Therefore, although the results
in Figs 1 through 3 appear to be linear, it is highly
probably that they are, in fact, nonlinear. Sequential
examinations on the same patient would have provided
a clearer temporal definition of dilation of the pul-
monary autograft. We have since initiated such a study
and ideally will be able to determine the factors associ-
ated with pulmonary autograft dilation.
Most of our patients had congenital aortic valve dis-
ease, an entity that is often associated with premature
degenerative changes of the ascending aorta and pul-
monary artery,19,20 and our conclusions are valid only
for this patient population. Finally, all operations were
performed by a single surgeon who has a certain bias
regarding the functional anatomy of the aortic and pul-
monary roots and may have introduced confounding
factors that could not be assessed.
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Discussion
Dr Nicholas T. Kouchoukos (St Louis, Mo). Dr David and
his colleagues, in their continuing and careful follow-up of
patients who have had the Ross operation, have proposed yet
another mechanism for the development of postoperative AI,
dilatation of the sinotubular junction. This presumably is the
result of inherent structural abnormalities of the pulmonary
artery that are identical to those present in the aortas of
patients with bicuspid aortic valves. 
In a presentation before this Association 3 years ago, Dr
David postulated that correction of any substantial geometric
mismatch between the aortic and pulmonary valves would
prevent AI. He and his colleagues reduced the diameter of the
aortic anulus, the sinotubular junction, or both, in approxi-
mately two thirds of their patients. Despite these reductions,
further follow-up has demonstrated dilatation, which is
defined as an increase in diameter of the sinotubular junction
and/or sinuses of Valsalva by serial echocardiographic stud-
ies. In both of these locations the dilatation occurred with
approximately equal frequency whether or not the patient had
reduction of the aortic anulus and/or the sinotubular junction.
Not surprisingly, use of the root inclusion technique was pro-
tective against dilatation of the sinotubular junction and the
sinuses, and Dr David recommends use of this technique
whenever possible. It is of interest, however, that one of the
three reoperations for AI occurred in a patient in whom the
root inclusion technique was used. 
Our own experience differs somewhat from that of Dr
David. We have performed sequential echocardiographic
studies in our patients at 6- to 12-month intervals after the
operation, and these have been interpreted by a single cardi-
ologist. We perform annular reduction infrequently but in
almost all cases tailor or replace the ascending aorta to con-
form to the size of the pulmonary artery and buttress the
suture line between them with a felt strip. We do not perform
the Ross operation in patients with an aortic anulus diameter
of 30 mm or more. 
Among 56 patients with serial measurements, 22 of whom
have been followed up for more than 5 years, the sinotubular
diameter increased by more than 20% in only 13% of the
patients and the sinus diameter increased in 23%. We
observed no significantly greater incidence of AI among
these patients than among the remaining patients with no or
lesser increases in these dimensions. Among the 22 patients
with the longest follow-up, we have been unable to demon-
strate a correlation between the severity or progression of AI
and dilatation of the neo-aortic sinuses. 
Histologic abnormalities of the ascending aorta are present
in many patients with bicuspid aortic valves. In another study
to be presented at this meeting, Dr David and his colleagues
have demonstrated that similar structural abnormalities exist
in the pulmonary arteries of many patients with bicuspid aor-
tic valves, and they postulate that these abnormalities are
most likely responsible for dilatation of the neo-aortic root
and the development of AI. This is an intriguing hypothesis.
However, a correlation between the severity of these changes
in the pulmonary artery and the development of root dilata-
tion and AI has not yet been demonstrated. 
I have several questions. How did you determine that the
value of 20% constituted a significant increase in the diame-
ters of the sinotubular junction and of the sinuses of Valsalva? 
What was the mean interval between the echocardiograph-
ic measurements? Is it possible that interobserver variability
by your cardiologists could have produced errors in these
measurements? 
The great majority of patients currently undergoing the
Ross operation have bicuspid aortic valves or congenital aor-
tic valve disease. On the basis of your study, are you now rec-
ommending that the root replacement technique be aban-
doned in favor of the root inclusion technique in all of these
patients? If not, in which patients should root replacement
still be used? 
If the root inclusion technique is used, is there not the
potential for dilatation of the sinotubular junction and the
development of AI as the native ascending aorta enlarges? 
This important paper emphasizes the need for continuing
critical evaluation of patients who have undergone the Ross
operation to further refine the selection criteria and improve
the late outcomes. 
Dr David. Thank you, Dr Kouchoukos. I carefully stated
that there could be bias that I could not detect in this study.
All operations were performed by me, and we all have our
own biases toward things we do. Perhaps these are the con-
founding factors that I could not detect in this study.
All echocardiograms included in this study were performed
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at the hospital and reviewed by two cardiologists, both very
experienced sonographers. I chose 20% as the amount of dila-
tion that is significant because of our work in functional
anatomy of the aortic root and that of other investigators. An
interesting study by Dr Furakawa and colleagues on the role
of the sinotubular junction and sinuses of Valsalva on the
development of AI is being published in The Annals of
Thoracic Surgery. Those investigators showed that dilation of
the sinotubular junction caused AI, whereas dilation of the
sinuses of Valsalva does not.
I believe we should abandon the technique of aortic root
replacement in patients with bicuspid aortic valve. I am con-
vinced, and one of our fellows will be presenting his work on
this subject at the Lillehei Forum,20 that most patients with
bicuspid aortic valve have advanced degenerative changes in
the arterial wall of the pulmonary trunk. By using the aortic
inclusion technique, we may protect the pulmonary autograft
from excessive dilation.
Finally, we should use a strip of Teflon felt on the inflow
anastomosis between the left ventricular outflow tract and the
pulmonary autograft and do the same or use a circumferential
strip of Dacron graft at the level of its sinotubular junction, on
the outside of the aorta. 
Mr Donald N. Ross (London, United Kingdom). I enjoyed
your paper very much. I was worried that you were going to
shoot me down, but I am still here.
The first 251 patients in whom we did this operation had
subcoronary implants. In fact, that was the original operation,
and perhaps it has been misconstrued. However, the subcoro-
nary operation was a big headache for us to achieve a com-
petent valve both with it and the homograft. Once we had
achieved that, those patients and their valves have withstood
the test of time very well. My colleague, Dr Somerville in
London, has followed them up over 30 years. 
When the freestanding root was introduced with the homo-
graft, everyone adopted it enthusiastically because of its com-
petence and applied it automatically to the autograft. I won-
der whether that was a mistake. From what you are saying,
there may be some inherent disadvantages in using the root
technique all the time. I am interested to hear that you are
thinking in terms of inclusion roots in selected cases, in
which the pathology progresses to aortic wall dilatation.
I think many people, and I am sure this does not apply to
you, misapply the aortic root technique and put the valve in
a supra-annular position quite unsupported. Even if it is
technically correct, there are still cases in which the root
perhaps should not be used. For instance, if there is a very
small aortic root, we all agree that at least a relieving inci-
sion is necessary and perhaps also a Konno operation. In the
presence of a satisfactory match, and this is usual, the root
is probably appropriate, but what we still do not know is the
effect of systemic pressure on the pulmonary artery wall.
The problem arises when the root is markedly enlarged. I
think we should abandon some of those operations and do a
biopsy of the aortic root, retaining the pulmonary valve for
a later day. 
Would you recommend doing multicenter randomized
studies of the freestanding root, subcoronary, and inclusion
root techniques in this operation or for the series of diseases
that are quite new to me, such as the bicuspid valve and its
aortic wall pathology? I am grateful that you have brought
this information to my attention.
Dr David. Thank you very much, Mr Ross. This study was
not meant to show that the Ross procedure is a bad operation.
I think it is a wonderful operation, and that is what I would
choose for myself if I needed an aortic valve replacement,
although I may be a bit too old for it. I believe it is an excel-
lent option for children and young adults, and I will continue
to do it.
The question I am raising is whether the pulmonary arteri-
al wall is strong enough to endure systemic pressure for the
duration of the patient’s life. The pulmonary root dilated in
some. In my patients, I will do the Ross procedure by
implanting the pulmonary autograft in the subcoronary posi-
tion if the aortic and pulmonary roots have similar geometry
and as an aortic inclusion technique in those in whom the aor-
tic root is larger than the pulmonary root. In addition, the
sinotubular junction of the pulmonary root should be fixed
with a piece of Dacron graft to prevent dilation.
Dr Ronald C. Elkins (Oklahoma City, Okla). Dr David,
you have raised an issue that concerns everyone who places
the pulmonary valve in the systemic circulation. The dilata-
tion that you have identified has been identified in patients
who have undergone an arterial switch procedure, it has been
identified in patients who have undergone a Damus-Kaye-
Stansel procedure, and it clearly occurs in those patients who
have a first-stage Norwood operation. The interesting thing
about that is that the incidence of reoperation on the autograft
is very low in all these groups of patients, including the Ross
patients and those who have a root replacement. 
If we look at the aortic valve disease—unicuspid, bicuspid,
or tricuspid—we are unable to show any difference in terms
of our total experience of over 350 patients in the incidence
of postoperative AI or changes involved in terms of the aortic
sinus or the aortic anulus. We do strongly believe that if the
root replacement technique is to be used, one must fix the
size of the aortic anulus when it is appropriately dilated,
except in the very young child, as well as the size of the sino-
tubular junction. 
I have two questions for you. In a patient with significant
sinus dilatation of the pulmonary artery and normal autograft
valve function, at what size would you recommend reopera-
tion on that autograft? I am presently observing one patient
with significant dilatation of the sinus and I would like to
know your recommendation about that. 
Second, when you look at the improved early results (ie,
freedom from acute intervention) and the late long-term results
of the root replacement, do you really feel comfortable in rec-
ommending that we move backward in terms of 10-year suc-
cess of the operation, where at 10 years there is a significant
improvement of root replacement over intra-aortic implants in
terms of freedom from autograft valve dysfunction? 
Dr David. Thank you, Dr Elkins. You were the one who
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stimulated me to begin to do the Ross procedure in young
patients.
The problem is that the autograft often dilates after the
operation. Both the sinotubular junction and the sinuses of
Valsalva dilate. Dilation of the sinotubular junction is more
worrisome because it affects valve competence. Dilation of
the sinuses of Valsalva simply causes an aneurysm. I have
been aggressive in repairing aortic root and ascending aortic
aneurysms and I believe these patients should be treated in
the same fashion.
I have 3 patients with a neo-aortic root in excess of 50 mm
in diameter, and I am planning to reoperate on them. I am
hoping to be able to save the valves and perform an operation
like the aortic valve–sparing operations that I have described
in the past. I think these patients should be reoperated on
when the sinuses of Valsalva exceed 55 mm in transverse
diameter.
I disagree with you that the technique of aortic root inclu-
sion is associated with higher incidence of late AI. If you
open the aortic root along the noncoronary aortic sinus, all
the way down to the aortic anulus, it is possible to secure the
pulmonary autograft inside the aortic root without disturbing
its geometry. I used this technique early in my experience and
almost exclusively during the past year, and AI is not more
prevalent in those patients than in those who had aortic root
replacement. The only difference is that aortic root dilation is
more common in the group who had aortic root replacement.
Dr James H. Oury (Missoula, Mont). I think this paper
could be taken as a caution or even possibly as a call to aban-
don the operation. I am glad to hear you say that you certain-
ly would not abandon it. I think it is a very good operation.
My opinion is that we need to improve technique. Since
that has already been discussed, I will not elaborate any fur-
ther except to make one point: in our series of Ross proce-
dures, which now numbers 147, we have used the root
replacement on all but 3 patients. There was no hospital mor-
tality in this series. We have had 3 explants of the autograft,
so our actuarial survival is also 97%. In all of these cases we
used annular plication and external support for the anulus, as
well as the sinotubular junction. We initially did this because
of some bleeding problems distally and quickly found that it
not only eliminated the problem but also stabilized the sino-
tubular junction, as you have indicated. At follow-up,
echocardiography showed progressive dilatation, mainly
sinus dilatation, in about 10%. 
I think your paper is very important in identifying a per-
centage of these operations that should be done as a subcoro-
nary or as an inclusion technique. Could you further define
what percentage of your cases you would now do as an inclu-
sion or as a subcoronary procedure? Also, on the explanted
cases, did you actually demonstrate viability of the explanted
tissue? 
Dr David. Stabilization of the sinotubular junction with a
piece of Dacron graft is a new idea that we may have to incor-
porate in this operation. However, this technique could not be
applied to children because it would prevent autograft
growth.
In 3 patients who have been reoperated on, 2 of mine and 1
from another institution, the arterial wall of the autograft was
viable but histologic examination revealed advanced elastic
fragmentation and cystic medial necrosis; furthermore, both
the gross and microscopic appearances were indistinguish-
able from that of degenerative aortic root aneurysm.
Like you, I do not plan to abandon the operation, but I will
avoid performing it as a total root replacement. I started doing
the Ross procedure by implanting the pulmonary valve in the
subcoronary position, then changed to the aortic root inclu-
sion technique, and later to aortic root replacement when Dr
Elkins found a higher rate of AI with the two previous tech-
niques. Last year I went back to the two initial techniques. If
the aortic root cannot be used to wrap the pulmonary auto-
graft, I use an autologous pericardial patch to close the aortot-
omy along the noncoronary sinus. I believe the pulmonary
sinuses need some external support to prevent dilation.
